Interpret Nigerian air pollution with satellite and aircraft observations. Per capita NMVOC emissions are higher than emissions in China. DecembereFebruary surface ozone exceeds 70 ppbv. Open fires, fuel emissions, and restricted ventilation contribute to high ozone. a r t i c l e i n f o 
Introduction
Nigeria is Africa's most populous country (170 million people as of 2012). Its population grew 60% between 1990 and 2008 and is projected to reach 0.5e1 billion people by 2100 (UN, 2013) . Nigeria's 2012 GDP growth rate of 7% per year, forecast to continue (PwC, 2013) , is amongst the highest in the world. The Nigerian economy recently surpassed South Africa as the largest on the continent (Magnowski, 2014) . This rapid growth in Nigeria elicits a range of environmental concerns including air quality. Pollution from mobile sources is exacerbated by inefficient vehicles, disorganized road networks, traffic congestion, and fuel adulteration (Hopkins et al., 2009; Osuji et al., 2009; Assamoi et al., 2010) . The megacity Lagos has higher emissions of nonmethane volatile organic compounds (NMVOCs) than megacities in China and India (Hopkins et al., 2009) . Baumbach et al. (1995) measured average benzene concentrations in Lagos of 80 ppbv, which is 8 times more than the highest concentrations found by Barletta et al. (2005) in Chinese cities. The oil and gas sector is also a large source of air pollution due to flaring (Ologunorisa, 2001; Osuji and Avwiri, 2005) , illegal oil refining (EIA, 2012) , gas leakage and venting (Hopkins et al., 2009) , and frequent pipeline explosions (Minga et al., 2010; Fadeyibi et al., 2011) . In the densely populated Niger Delta, where oil and gas extraction is concentrated, carcinogenic polycyclic aromatic hydrocarbon (PAH) concentrations are amongst the highest in the world (Ana et al., 2012) . In addition, inadequate electricity distribution results in dependence of industries and households on diesel-powered backup generators (BUGs), kerosene, and fuelwood (Ikeme and Ebohon, 2005; Akinlo, 2009) .
Satellites provide a unique resource for observing air quality in a region such as Nigeria where ground-based information is sparse. In a recent continental-scale study for Africa we used formaldehyde (HCHO) observations from the space-based Ozone Monitoring Instrument (OMI) to map emissions of isoprene, a NMVOC emitted by vegetation (Marais et al., 2012) . However, we found that we could not retrieve isoprene emissions over Nigeria because of extremely high HCHO of apparently anthropogenic origin, comparable to levels observed over industrial regions of China (Fu et al., 2007) .
Here we conduct a comprehensive analysis of satellite observations of atmospheric composition over Nigeria, including not only HCHO but also carbon monoxide (CO), nitrogen dioxide (NO 2 ), glyoxal (CHOCHO), methane (CH 4 ), and ozone (O 3 ). We also use aircraft measurements obtained during the African Monsoon Multidisciplinary Analysis (AMMA) campaign in 2006 (Hopkins et al., 2009; Redelspeger et al., 2006) and the Measurement of Ozone and Water Vapor aboard Airbus In-service Aircraft (MOZAIC) program in 2003e2004 ; http://www.iagos.fr/ mozaic). We interpret these data with the GEOS-Chem chemical transport model (CTM) in terms of the information they provide for Nigerian emissions and air quality. Fig. 1 shows the major population centers and industrial point sources in Nigeria. The highest population densities are in the northern state Kano, the southwestern state Lagos, and the Niger Delta states in the southeast. Metropolitan Lagos has a population of 21 million people with a growth rate of 670 000 people per year (Cocks, 2013) . The majority of Nigeria's industry is concentrated in 5 cities e Kano and Kaduna in the north, Lagos in the southwest, and Warri and Port Harcourt in the Niger Delta.
Pollution sources and transport in Nigeria
Oil and gas production is concentrated in the Niger Delta. Production in 2011 was 2.1 million bpd (barrels per day) of crude oil (3% of global production) and 28 billion m 3 of natural gas (0.9%). Up to 70% of extracted natural gas is lost by venting, leakage, and flaring (Ashton-Jones, 1998). Extensive pipeline networks transport crude oil from wells to export terminals and also link wells to refineries, but the latter only operate at 20% capacity due to mismanagement, poor maintenance, and pipeline vandalism (EIA, 2012) . Low refining capacity has forced Nigeria to import more than 80% of its refined products, while more than 80% of extracted crude oil is exported accounting for >95% of Nigeria's export earnings (EIA, 2012). Theft of crude oil at pipelines is between 100 000 and 400 000 bpd and much of this is refined illegally in the Niger Delta for local and international sale of kerosene, diesel, and bitumen (EIA, 2012) . Electricity generation in Nigeria includes oil-and gas-fueled thermal power plants and hydropower. Hydroelectric plants are concentrated in central Nigeria, while thermal power plants are close to industry in Lagos and oil extraction facilities in the Delta (Fig. 1) . Although coal fueled the industrialization of Nigeria in the early 20th century, most coal mines were abandoned following the Nigerian-Biafran civil war (1967e1970) (Oguejiofor, 2010) . Inadequate supply of electricity and regular power outages lead to dependence on diesel for BUGs and kerosene for lighting. BUGs are used by 97% of businesses and in 1990 accounted for 30% of the nation's grid capacity (Ikeme and Ebohon, 2005) . Fuelwood and waste burning, a source of energy for illegal oil refining in the Niger Delta and domestic use by rural populations, accounts for >80% of the country's energy consumption (Hyman et al., 1994; Maconachie et al., 2009; EIA, 2012) . In DJF, by contrast, winds are stagnant over central Nigeria and vertical ventilation is suppressed by a strong temperature inversion at 900e750 hPa due to warm northeasterly Harmattan winds at that altitude blowing from the Sahara . The lack of ventilation is illustrated in Fig. 3 with a GEOS-Chem simulation of 222 Rn, a chemically inert continental tracer with uniform source from non-frozen soil and e-folding lifetime of 5.5 days Liu et al., 2001) . Surface air 222 Rn concentrations in DJF in West Africa are the highest in the world, highlighting the potential for accumulation of pollution.
3. Atmospheric composition over Nigeria observed from space Fig. 4 shows DJF mean satellite observations of atmospheric composition over Nigeria mapped on a 0.5 Â 0.5 grid: CO from AIRS, tropospheric NO 2 and HCHO from OMI, CH 4 from SCIA-MACHY, and CHOCHO from GOME-2. Values for JJA are shown for OMI NO 2 only; other data are excessively noisy in that season because of cloud cover. Sources of data are given in Table 1 . AIRS CO columns are weighted towards the mid-troposphere (McMillan et al., 2011) while other variables have uniform vertical sensitivity in the tropospheric column (after air mass factor correction). Observations are averaged over 2005e2007, except for CHOCHO which is 2007 only as GOME-2 was launched in October 2006. MODIS Terra fire counts at 1 Â 1 km 2 resolution are superimposed on AIRS CO. CO and NO 2 (DJF) show maxima in central Nigeria from seasonal open fires. Urban and industrial activity in Lagos and the Niger Delta is also apparent in the DJF observations for NO 2 but not for CO, possibly reflecting the weak boundary layer sensitivity of the AIRS instrument. NO 2 concentrations in JJA are considerably lower than in DJF over most of Nigeria, reflecting the lack of fire influence but also the more efficient ventilation. The exception is northern Nigeria (Sahel), where higher NO 2 in JJA may be due to stimulation of NO x emissions by precipitation at the onset of the wet season (Yienger and Levy, 1995; Jaegl e et al., 2004) . The JJA NO 2 maximum in the northeastern corner of Nigeria may be due to crop cultivation and receding shorelines of Lake Chad (Batello et al., 2004) .
HCHO in Nigeria, offset from the open fire NO 2 and CO enhancement, is highest in the Niger Delta and is also high over Lagos, indicating a dominant source from anthropogenic NMVOCs. This is in sharp contrast to the rest of Africa where HCHO observed from space is mainly from open fires and isoprene (Stavrakou et al., 2009; Marais et al., 2012) . CH 4 peaks in the Niger Delta, indicative of the oil/gas source, with high values also along the distribution line to Lagos. By contrast, CHOCHO is higher over Lagos than over the Delta. CHOCHO is not produced from oxidation of alkanes (a large fraction of oil/gas emissions; Gilman et al. (2013) ) but has a high yield from oxidation of aromatics associated with vehicle emissions (Fu et al., 2008; Liu et al., 2012) .
The satellite data indicate HCHO:NO 2 molar ratios of 6e8 over Lagos, whereas values for megacities in China and the US tend to be less than unity Duncan et al., 2010; Witte et al., 2011) . This reflects an unusually high NMVOC/NO x emission ratio in Lagos, as would be expected from the very inefficient energy infrastructure and lack of pollution control.
Constraints on Nigerian emissions
We use the GEOS-Chem global 3-D CTM (see Appendix) to simulate atmospheric composition over Nigeria and compare with aircraft and satellite observations. Table 2 shows Nigerian emissions in the model, including corrections on the basis of observations as discussed below.
Some information on anthropogenic emissions from Lagos is available from atmospheric composition measurements made onboard the AMMA BAe-146 aircraft on Thursday 8 August 2006 at 1530e1700 local time. The NMVOC measurements imply very high emissions (Hopkins et al., 2009) . Fig. 5 compares observed and simulated (GEOS-Chem) boundary layer (<1 km) NMVOC and CO concentrations. The standard GEOS-Chem simulation uses RETRO as its default global inventory for anthropogenic NMVOC emissions, except for ethane which is from Xiao et al. (2008) . We find that CO, ethane, propane, and acetone are well simulated. Other NMVOCs including higher alkanes and aromatics are underestimated several-fold, likely reflecting missing sources in the RETRO emission inventory from vehicles, BUGs, and industry and consistent with other observations of elevated concentrations in Lagos (Baumbach et al., 1995) . Successful simulation of CO and short alkanes suggests that the model bias for NMVOCs reflects error in emissions rather than transport or dilution. We corrected anthropogenic emissions throughout Nigeria by the corresponding factor bias and results are shown in can be compared to an estimated anthropogenic source of 23 Tg NMVOCs a À1 from China (18 kg NMVOCs per capita) (Zhang et al., 2009 ). Fig. 6 shows the simulation by GEOS-Chem of the satellite observations in Fig. 4 . The simulation includes the above correction to anthropogenic NMVOC emissions as well as other corrections applied as scale factors to the standard GEOS-Chem emissions (Table 2 and Appendix). Model values are means for DJF 2006 (and JJA for NO 2 only) sampled at the satellite overpass times, and including AIRS CO and SCIAMACHY CH 4 averaging kernels. The model has a horizontal resolution of 2 Â 2.5 while the observations in Fig. 4 are on a 0.5 Â 0.5 grid, so that fine-scale features in the observations are diluted in the model. Table 1 for sources of data. (Kopacz et al., 2010) . A 10% downward correction is applied to correct for positive bias (Yurganov et al., 2008 (Yurganov et al., , 2010 Warner et al., 2010; McMillan et al., 2011) . c Data are for land only and include a bias correction dependent on water vapor (Wecht et al., 2014) . d Reprocessed to a fixed a priori profile for West Africa and filtered for data quality following Zhang et al. (2010) . GEOS-Chem roughly reproduces the spatial distribution and magnitude of NO 2 and CO after increasing GFED v2 open fire emissions of NO x and CO ( Table 2 ). The previously discussed increase of model anthropogenic NMVOC emissions to fit the AMMA data enables simulation of the observed OMI HCHO maximum over Lagos and the Niger Delta. The model roughly reproduces the CHOCHO observations over Lagos but is too high in the Delta. Aromatics are the dominant anthropogenic source of CHOCHO (Liu et al., 2012) , and were greatly increased in the model to match the AMMA aircraft data over Lagos (Fig. 5) . It may be that such an increase is not appropriate for the Delta as oil/gas emissions are dominated by alkanes. The CHOCHO and HCHO enhancement east of Nigeria is from oxidation of isoprene emitted in central Africa that is still too high after decreasing emissions there (see Appendix).
The high CH 4 levels in the Niger Delta, observed by SCIAMACHY and reproduced in GEOS-Chem, are dominated by emissions from the oil and gas industry. According to EDGAR v4.2 (EC-JRC/PBL, 2011), the default anthropogenic inventory for CH 4 emissions in GEOS-Chem, oil/gas emissions account for 75% of DJF CH 4 emissions in the Niger Delta (oil/gas extraction) and 40e50% across coastal Nigeria (pipeline network linking the Delta and Lagos). Wetlands are also a major source of CH 4 in the Delta (18e30%).
Implications for ozone air quality
Clear skies, stagnant air, and strong temperature inversions over central Nigeria in DJF imply a particular propensity for air quality problems. Observations allow us to place some constraints on surface O 3 , a major respiratory irritant produced by photochemical oxidation of VOCs and CO in the presence of NO x . Field and model studies have found elevated surface O 3 concentrations in West Africa in DJF due to seasonal open fires (Helas et al., 1995; Marufu et al., 2000; Sauvage et al., 2005; Aghedo et al., 2007) . Here we test the GEOS-Chem simulation of O 3 with aircraft observations from MOZAIC and satellite observations from TES, and examine the implications for O 3 pollution over Nigeria now and in the future. Observations from the AMMA aircraft at <1 km altitude (black) are compared to GEOS-Chem results sampled at the time and location of the aircraft observations, using the standard GEOS-Chem emission inventories (red) and after scaling of emissions to correct for the bias (blue) ( Table 2 ). Values are geometric means, with geometric standard deviations for the observations. Model points are offset for clarity. CO concentrations are ppmv. ALK4 ≡ !C 4 alkanes, MeCHO ≡ acetaldehyde, MEK ≡ methyl ethyl ketone. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 6 . GEOS-Chem simulation of the satellite observations in Fig. 4 after applying corrections to the emission inventories (Table 2) . Values are means for DecembereFebruary 2006 and include total column CO weighted by the AIRS averaging kernels, tropospheric NO 2 column, HCHO column, column average CH 4 mixing ratios weighted by the SCIAMACHY averaging kernels, and CHOCHO column. The model is sampled during the satellite overpass times. The horizontal resolution is 2 Â 2.5 .
MOZAIC observations of vertical O 3 profiles from commercial flights are available for Lagos and Abuja in JanuaryeFebruary 2003e2004 at 18e21 and 18e19 local time, respectively. These are shown in Fig. 7 together with the corresponding mean model profiles for JanuaryeFebruary 2006 sampled at the same local time. The observations at Abuja show mean concentrations of 60e75 ppbv from the surface to 700 hPa. Such high values are due to a combination of fires and anthropogenic emissions, as discussed below. The model is about 10 ppbv higher than the observations below 800 hPa. It does not capture the drop at the surface, which could be due to poor model representation of stratified conditions near the surface after sunset (Jacob et al., 1993) . Lower O 3 concentrations in the Abuja profile above 700 hPa are associated with the African Easterly Jet (AEJ) (Sauvage et al., 2007) . Concentrations over Lagos differ from those over Abuja mostly below 900 hPa, reflecting the influx of clean oceanic air (Fig. 2) . Above 900 hPa the Harmattan northeasterly winds carry O 3 pollution from central Nigeria over Lagos. This is again roughly reproduced by the model, with a 10 ppbv positive bias.
TES is a thermal IR instrument with sensitivity to O 3 in the lower free troposphere. Fig. 8 shows the TES O 3 retrieval at 825 hPa, representing a tropospheric column concentration with maximum sensitivity at 800e700 hPa (left panel). Retrievals nearer the surface have a similar vertical pattern of sensitivity but weaker signal. O 3 at 800e700 hPa is strongly affected by the Harmattan winds transporting O 3 -rich air from central to coastal Nigeria, as is apparent from the vertical profiles over Abuja and Lagos (Fig. 7) . Deep convection over coastal Nigeria (Fig. 2) then transports that O 3 -rich air to high altitude. The TES observations show a maximum over Lagos, consistent with that transport pattern. GEOS-Chem results sampled with TES sensitivity (Fig. 8) show a more muted effect of this transport with little gradient from central to coastal Nigeria, consistent also with the aircraft profiles of Fig. 7 . Fig. 9 shows mean surface daily maximum 8-h average (MDA8) O 3 concentrations simulated by GEOS-Chem in surface air for DJF 2006. Values in central Nigeria exceed 80 ppbv. Even allowing for a possible~10 ppbv positive bias in the model, these are very high values and suggest that Nigeria has presently a major O 3 air quality problem. We are unaware of an official O 3 air quality standard in Nigeria, but the US health-based standard of 75 ppbv (MDA8) would be routinely exceeded.
The band of elevated O 3 pollution in the GEOS-Chem simulation across central Nigeria follows the pattern of seasonal open fires but also the transport of pollution from coastal anthropogenic sources (Fig. 2 ) and meteorological stagnation (Fig. 3) . GEOS-Chem sensitivity simulations with zeroed sources indicate that open fires increase mean MDA8 O 3 in central Nigeria in DJF by 15e20 ppbv while anthropogenic sources (fuel) increase it by 7e9 ppbv, consistent with the previous model study by Aghedo et al. (2007) . A sensitivity simulation zeroing emissions from NMVOC anthropogenic emissions only indicate that these contribute half of the anthropogenic MDA8 O 3 increase.
Anthropogenic emissions in Nigeria are expected to increase in the future following economic growth. The Representative Concentration Pathways (RCP) scenarios (van Vuuren et al., 2011) 
Conclusions
Nigeria has a large and rapidly growing population, a massive oil/gas exploitation sector, and a poorly functioning energy sector. Little information is available on its air quality. Here we used an ensemble of satellite observations of atmospheric composition together with aircraft observations and the GEOS-Chem model to better understand pollution sources and ozone air quality in Nigeria. Particulate matter and carcinogens such as benzene also degrade air quality in Nigeria, but observations of these pollutants near source regions are very limited.
Satellite observations of HCHO and CHOCHO indicate extremely high NMVOC emissions in the Lagos megacity and in the Niger Delta where oil and gas extraction is concentrated. HCHO is highest over the Delta while CHOCHO is highest over Lagos and downwind. The HCHO data indicate extensive leakage of NMVOCs (mostly alkanes) from oil/gas extraction, as corroborated by satellite observations of CH 4 . The CHOCHO data imply considerable emissions of aromatic NMVOCs in Lagos, consistent with limited in situ data. We estimate an anthropogenic NMVOC source of 6.4 Tg C a À1 for
Nigeria e higher on a per capita basis than China. Anthropogenic NO x emissions in Nigeria are lower than in comparable urban/industrial areas of China or the US, reflecting the very inefficient power production system. There is however a large NO 
Appendix. GEOS-Chem description
We use the GEOS-Chem chemical transport model (version 9-01-03, http://geos-chem.org) driven by GEOS-5 assimilated meteorological data from the NASA Global Modeling and Assimilation Office (GMAO). The GEOS-5 meteorological data have a native horizontal resolution of 0.5 Â 0.67 with 72 vertical pressure levels and 6-h temporal frequency (3-h for surface variables and mixing depths). We use data for year 2006 and degrade the horizontal resolution to 2 Â 2.5 and 47 pressure levels for input to GEOSChem. GEOS-Chem results use a one year spinup for chemical initialization.
The simulations presented here include the standard GEOSChem representation of oxidant-aerosol chemistry as described for example by Mao et al. (2010) . We added chemical mechanisms for the oxidation of benzene, toluene, and xylenes (Calvert et al., 2002) , and ethylene and acetylene (Saunders et al., 2003) , as these are important reactive NMVOCs in Nigeria. We also conducted a separate GEOS-Chem simulation of CH 4 (Picket-Heaps et al., 2011) for comparison with the SCIAMACHY CH 4 data.
Emissions used in the model are listed in Table 2 . Anthropogenic emissions of CO and NO x in the standard GEOS-Chem simulation are from the EDGAR v2.0 inventory (Olivier et al., 1996) and biofuel NO x and CO emissions are from the Yevich and Logan (2003) inventory. NO x emissions from soils and fertilizer use are from Yienger and Levy (1995) as implemented by Wang et al. (1998) and are increased by 60% to improve agreement with OMI tropospheric NO 2 . Open fire emissions are from GFED v2 with 8-day temporal resolution (van der Werf et al., 2006) . We impose a cap of 1 g C m À2 d À1 on the biomass burn rate in central Africa to avoid spuriously high emissions. We also increase open fire emissions of CO and NO 2 in Nigeria to better match CO from MOZAIC (Abuja and Lagos flights) and AIRS, and NO 2 from OMI. Anthropogenic NMVOC emissions, including biofuel use, are from the RETRO inventory , except ethane emissions which are from Xiao et al. (2008) . Isoprene and biogenic acetone, ethene, and propene emissions are calculated with the MEGAN v2.1 inventory (Guenther et al., 2006) including modifications described in Marais et al. (2012) and a 50% emissions reduction in central Africa and the Sahel (Marais et al., 2014) . Anthropogenic emission inventories for Nigeria do not properly account for motorcycles and diesel-powered backup generators (BUGs). Assamoi and Liousse (2010) developed a black carbon and organic carbon aerosol emission inventory for motorcycles in West Africa. Here we include these emissions and emissions of carbonyls, aromatic VOCs, NO x , and CO using emission factors available for Vietnam (Oanh et al., 2012) . We derive BUG emissions in Nigeria using the 2400 MW installed capacity for 1999 estimated by the Nigerian Energy Commission (www.energy.gov.ng/) and emission factors from Gullet et al. (2006) and Sawant et al. (2007) .
Further adjustments of emissions on the basis of the aircraft and satellite data over Nigeria are described in the text and in Table 2 .
